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Fly ash is a coal combustion byproduct that can be used as a supplementary cementitious 
material (SCM) in concrete, offering benefits such as increased workability, durability, and strength.  Fly 
ash can be used as a partial replacement to cement, reducing concrete productions costs and decreasing 
disposal in landfills.  However, variability of fly ash properties (e.g., carbon content, adsorption site 
density) confounds estimates of the air entraining admixture (AEA) dose needed to achieve a specified 
air content in concrete.  Air entrainment is needed to improve freeze-thaw resistance and limit concrete 
cracking.  The foam index (FI) test is currently used to estimate the AEA dose for concrete containing fly 
ash, but concerns exist regarding its accuracy and reproducibility stemming from the subjectivity of the 
test.  Specifically, the end point of the FI test is based on visual judgement as to the AEA dose that 
produces a temporary stable foam over a sufficient portion of the sample surface. 
The objective of this project was to develop a reproducible and quantitative test to estimate the 
required AEA dose needed to achieve a specified air content in concrete containing fly ash, typically 
around 6 %.  Fly ash samples from 12 coal-fired power plants across seven U.S. states were used to 
make concrete and the required AEA doses needed to achieve a 6 % air content were determined in a 
companion MS thesis.  Here, ultraviolet (UV) absorbance assays were used to assess the sorption 
capacity of the fly ash for two AEAs – Daravair and TeraPAVE – and one dye selected to be an AEA 
surrogate.  The fly ash samples were characterized chemically (e.g., loss on ignition, LOI) and physically 
(e.g., specific surface area and pore volume) and correlations were sought between these properties 
and sorption of AEA or dye.  AEA and dye sorption by fly ash was poorly correlated with the required 
AEA dose, with correlation coefficients (R2 values) ranging from 0.05 to 0.13.  However, a multilinear 
regression model with the ƒly ash cumulative surface area (CSA) and specific surface area (SSA), two 
uncorrelated independent variables, was strongly correlated to the required AEA dose (adjusted R2 = 
0.85, n = 12).  Additional experiments revealed the need for composite sampling in future testing, as 
 
 
evidenced by LOI for one fly ash sample varying by about a factor of three, from 0.57–1.71 % (n = 30).  
Further, the UV spectra of the AEAs was determined to decay over time, reflecting instability of the AEA 
mixture compounds, and highlighting the need to coordinate the concrete production and AEA–fly ash 
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INTRODUCTION AND MOTIVATION 
1.1 Fly Ash Production and Associated Risks 
Fly ash is a combustion byproduct of coal-fired power plants that can exert deleterious impacts 
in the environment and to human health which can be mitigated with proper management.  Power 
plants can use air pollution control devices, such as electrostatic precipitators and bag filters, to collect 
fly ash and comply with particulate emission limits set by National Ambient Air Quality Standards and 
New Source Performance Standards (Zhang 2016). 
Fly ash capture reduces smog and airborne particulates associated with respiratory diseases and 
fly ash disposal can be offset by using this waste product in concrete mixtures.  The United States 
produces more than 29 million tons of fly ash each year (ACAA 2019).  Flue gases contaminate fly ash 
with heavy metals and toxic trace elements, posing disposal risks from leaching and contamination to 
soil and surface- and groundwater (Hall and Livingston 2002, Giere et al. 2003, Izquierdo and Querol 
2012).  Pretreatments, such as solidification or chemical stabilization, can reduce the hazards posed by 
fly ash prior to disposal, but result in additional incurred costs, motivating the investigation for 
alternative uses as a value-added product (Mangialardi 2004). 
1.2 Fly Ash as Value Added Product 
Fly ash is used in the cement and concrete industry, where it can be repurposed as a 
supplementary cementitious material (SCM), offering benefits such as increased workability, durability, 
and strength (ACI 2018).  Enhanced durability of concrete containing fly ash can increase the lifespan of 
structures, potentially reducing maintenance and the need for new construction.  Additionally, the 
partial replacement of Portland cement with fly ash, typically between 15 and 35 % by weight, reduces 
concrete production costs and conserves raw materials and, in turn, water and energy.  The 
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Environmental Protection Agency (EPA) estimates that the following savings could be made for every 
metric ton of coal-derived fly ash substituted for Portland cement: 375 L of water ($0.20 per metric ton), 
4,700 MJ of energy ($129 per metric ton), and 700 kg of CO2 emissions (per metric ton) (EPA 2008).  
About 12.6 million tons of the fly ash produced by the United States in 2019 were repurposed as partial 
replacement to Portland cement, resulting in $4 billion of savings by the EPA’s unit cost estimations 
(ACAA 2019).  The production of Portland cement comprises of 80 % of the greenhouse gas emissions in 
concrete manufacturing, and approximately 7 % of global greenhouse gas emissions (O'Brien et al. 
2009).  Fly ash has also found applications in the glass, ceramic, and mining industries and can be used 
as a low-cost adsorbent in wastewater treatment (Janos et al. 2003, Wang et al. 2005, Lin et al. 2008, 
Sun et al. 2010).  However, the use of fly ash in concrete complicates air-entrainment, as described next. 
1.3 Effect of Fly Ash on Air Entrainment in Concrete 
The disadvantage of fly ash as a SCM is its interference with air entrainment in concrete 
mixtures.  Air entrainment is critical to ensuring concrete durability and resistance to cracking due to 
freeze-thaw cycles (ACI 2018).  Concrete mixtures may be rejected upon delivery to a project site if the 
air content falls outside of the required range, which is typically 6 % ± 2 % air as required by many state 
transportation departments (ARDOT 2014).  Air content can be measured using the standardized 
pressure method described in ASTM C231/C231M−17a.  Concrete with an air content less than 4 % is 
susceptible to damage from freeze-thaw cycles, whereas concrete with an air content greater than 8 % 
will have reduced strength (Marczewska and Piasta 2018).  Air entrainment is accomplished through the 
addition of air-entraining admixture (AEA), which stabilizes air bubbles in the concrete to prevent them 
from coalescing and escaping the mixture.  As shown in Figure 1-1, the polar, hydrophilic ends of the 
AEA surfactant molecules adsorb to the surrounding cement particles while the nonpolar, hydrophobic 




Figure 1-1.  Effect of air-entraining admixtures (AEAs) on the interaction between air bubbles and 
cement particles 
Air entrainment is the primary challenge in concrete mixture proportioning due to the influence 
of temperature, cement surface chemistry, mixing process and proportions, water quality, and SCMs (Du 
and Folliard 2005).  Fly ash in particular complicates air entrainment due to its carbon content, which 
can adsorb AEA and decrease the AEA available to entrain air.  Concrete mixtures containing fly ash may 
require up to five-fold larger volumes of AEA compared to mixtures without fly ash (Zhang 1996), but 
determining the required AEA dose for concrete containing fly ash remains a challenge. 
AEA adsorption by fly ash may be dependent on fly ash properties such as specific surface area 
(SSA), particle size or fineness, specific pore volume, and carbon content.  A review by Pedersen et al. 
(2008) noted that these properties can vary from one power plant to another due to differences in the 
coal source, combustion conditions, and fly ash collection practices.  For example, fly ash is categorized 
into two classes of chemical composition, Class C and Class F, which is dependent upon the coal type 
and source.  Fly ash is classified as Class F if the sum of silicon dioxide (SiO2), aluminum oxide (Al2O3), 
and iron oxide (Fe2O3) is greater than 70 % and as Class C if the sum is between 50 and 70 % (ACI 2018).  
However, the aforementioned physical properties of fly ash can vary among samples from the same 
power plant.  A study showed that combustion chamber conditions can vary by hour and by day, 
resulting in variations in fly ash particle size, density, and SSA (Helmuth 1987).  Another study by Hill et 
al. (1998) revealed that loss-on-ignition (LOI), a surrogate measure of the fly ash carbon content, varied 
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from 2 to 9 % over several months (Hill et al. 1998).  Trial batching is often performed to assess AEA 
dosage requirements needed to achieve the desired air content for a concrete, and a variety of tests 
have been investigated to improve AEA dosing estimates in fly ash-containing cement mixtures. 
LOI is a method of quantifying the carbon content of a fly ash sample and is detailed in ASTM 
C311/C311M (ASTM 2018).  Due to the adverse effect of carbon on air entrainment – presumably due to 
adsorption of AEA by the carbon in the fly ash – ASTM standards use LOI to regulate the fly ash used in 
concrete production.  Class F fly ash containing up to 12 % LOI may be used in concrete if a state’s 
transportation department can confirm that the fly ash has produced no apparent adverse effects on 
their previous infrastructure projects, but generally fly ash is required to have an LOI less than 6 % 
(ASTM 2019).  Although LOI is a surrogate for carbon content, it may not be useful in quantifying AEA 
adsorption by fly ash.  Some studies found that AEA dosing increases as LOI increases (Whiting and Nagi 
1998, Hurt and Suuberg 2001), whereas Pederson et al. (2008) cited eight studies that found LOI to be 
ineffective at predicting AEA adsorption by fly ash.  Folliard et al. (2009) reported that the standard LOI 
test may overestimate fly ash carbon content and demonstrated that a modified LOI test offers a more 
accurate estimate of residual organic carbon because it produced a stronger linearly correlation, R2 = 
0.87, to AEA dosing than the standard ASTM test, R2 = 0.29, (Folliard et al. 2009).  The standard LOI test 
measures the change in sample mass between 150–750 °C, while the modified test measures the 
change in sample mass between 300–500 °C. 
Similar to LOI, SSA of fly ash has proven to have conflicting conclusions regarding its 
effectiveness in estimating AEA adsorption by fly ash.  SSA measures the amount of surface area per unit 
of mass of fly ash.  SSA can also be determined as a function of pore size distribution to assess the 
available surface area for adsorption of chemicals in mixtures such as AEA.  SSA is commonly measured 
using the Brunauer-Emmett-Teller (BET) method with nitrogen gas adsorption, but some researchers 
found that nitrogen gas adsorption overestimates available surface area for microporous samples 
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because AEA molecules are larger than nitrogen gas molecules, hindering the capability of BET 
measurements to reliably predict AEA dosing requirements (Freeman et al. 1997, Gao et al. 1997).  
Additionally, measurement of SSA requires a gas sorption analyzer that has a capital cost of $20-50K 
(2021 dollars), requires liquid nitrogen, takes two days to complete one analysis, and is typically not 
available to concrete producers. 
1.4 Current Methods for Estimating AEA Dosing 
Foam index (FI) is used to estimate the AEA dose needed to achieve an air content of 6 % ± 2 % 
for a concrete containing fly ash.  This titration-like test utilizes a mixture of cement, fly ash, tap water, 
and AEA, the latter of which is added incrementally until a visually-stable foam is achieved.  As shown in 
Figure 1-2, a surface foam forms that becomes covered in bubbles as AEA is added and the mixture is 
agitated.  Agitation times range between 10–35 seconds with frequencies ranging from 2.4–10 Hz or 
170–1,500 rpm, depending on the shaking method used.  A stable foam consists of a layer of air bubbles 
that cover the liquid surface and remains for 15-45 seconds (Kim et al. 2017, Liu et al. 2020).  Figure 1-2b 
illustrates partial formation of foam across the liquid surface, indicating that the AEA adsorption sites on 
the fly ash have not been fully saturated because the foam does not cover the entire liquid surface. 
Figure 1-2.  Stages of the Foam index (FI) test represented by photographs of the liquid surface (Kim et 
al. 2017). 
Assessing the FI test across more than 30 other studies, Harris et al. (2008) and Liu et al. (2020) 
summarized the variation of parameters such as proportion of materials, shaking times, and AEA dosing.  
The ratio of water to cementitious materials (CMAT, the cement and fly ash combined) is 2.5 and the 
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replacement ratio of fly ash to cement is typically 20 % by weight, but can range from 0 % (a control 
without fly ash) to 50 %.  The most common AEA concentration used is 10 % by volume, where 10 % of 
the dosing solution is AEA (as provided by a manufacturer) and 90 % is tap water, but concentrations 
can range from 2.4–100 % (Harris et al. 2008).  A standardized ASTM procedure was recently developed 
to help make future studies more uniform (ASTM 2020). 
Due to the variability of test parameters and material properties, it is difficult to compare the FI 
test results from different experimental procedures.  Even if two experiments used the same procedure 
and fly ash samples, but different AEAs, the FI and AEA dosing results may vary.  Using McCarthy et al. 
(2012) as an example, FI values for the six fly ash samples tested varied from 3–20 μL∙g-1 fly ash for one 
unspecified AEA and 80–400 μL∙g-1 fly ash using another unspecified AEA (McCarthy et al. 2012).  An 
additional concern associated with the FI test is the subjectivity of the operator’s visual judgement as to 
what indicates a stable foam endpoint (see Figure 1-2). 
These drawbacks in the FI test have led researchers to investigate alternative methods to 
determine AEA dosing in fly ash-containing concrete mixtures.  Ahmed and Hand (2014) investigated 
two such methods, the iodine test and an AEA adsorption test via chemical oxygen demand (COD).  The 
iodine test and COD are not explored further in this study, but are briefly described to demonstrate the 
pursuit of a more quantitative test than FI.  The iodine test is performed following ASTM D4607-94 and 
is an indirect method of estimating AEA dosing because it measures the adsorption capacity of iodine on 
fly ash (ASTM 1994).  A Freundlich adsorption isotherm is established to quantify the fly ash sample’s 
iodine number, which is the mass of iodine adsorbed per gram of fly ash.  However, the fly ash is 
typically pretreated by boiling in a diluted hydrochloric acid to remove sulfur and free lime that could 
interfere with iodine adsorption.  In the other test, COD was used to assess AEA adsorption to fly ash.  
COD was used as an AEA surrogate because these admixtures are composed of organic compounds.  
Ahmed and Hand (2014) and Anzalone et al. (2019) found the iodine test and COD test to be effective 
7 
 
measures of the adsorption capacity of fly ash, but determined that more testing was needed to validate 
its use in the field (Ahmed et al. 2014, Ahmed and Hand 2015, Anzalone et al. 2019). 
Ultraviolet (UV) spectroscopic methods were the focus of this research and were used to 
evaluate AEA adsorption by fly ash by measuring the change in concentration of AEA or dye surrogates 
after being mixed with fly ash.  Other studies have found that using an AEA adsorbate solution was 
insufficient for distinguishing fly ash samples, suggesting that the AEA concentrations were inaccurate 
due to sample dilution and instability (e.g., volatility, hydrolysis, etc.) of AEA compounds in water 
(Folliard et al. 2009, Ahmed et al. 2014).  However, other studies have developed a colorimetric 
isotherm method using a colored dye to simulate AEA adsorption by fly ash (Zhang and Nelson 2007, 
McCarthy et al. 2012).  Similar to the iodine test, the colorimetric evaluation does not involve AEAs; 
therefore, the dye sorbate is selected to have a molecular structure similar to the commercial AEA of 
interest.  The adsorption capacity of the fly ash is determined by the change in dye concentration after 
an equilibration period, quantified using UV absorbance measurements.  The colorimetric method 
carried out by McCarthy et al. (2019) resulted in strong correlations to AEA dosage, with correlation 
coefficients ranging from 0.83 to 0.95 for different chemical admixtures and a range of six fly ash 
samples (McCarthy et al. 2012).  In the same study, the AEA dosing in concrete mixtures ranged from 20 
to 125 mL/100 kg CMAT and the dye adsorption by fly ash ranged from 0.3 to 3.8 mg dye/g fly ash. 
The objective of this study was to develop a reproducible and quantitative test to estimate the 
AEA dosing for cement mixtures containing fly ash to achieve an air content in concrete of 6 % ± 2 %.  
This research serves to advance the work of Zhang and Nelson (2007) and McCarthy et al. (2012) to 
develop an ultraviolet absorbance assay to estimate the adsorption of AEA by fly ash. 
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MATERIALS AND METHODS 
2.1 Fly Ash Characterization 
Twelve fly ash samples were received in 5-gallon buckets or 55-gallon drums during Summer 
2019 from ready-mix concrete plants and coal fly ash producers across the following seven states: 
Alabama, Arkansas, Kentucky, Illinois, Missouri, Oklahoma, and Texas.  The quantity of fly ash collected 
varied by sample, requiring storage containers ranging from 10 to 55 gallons.  Manufacturers verified 
that these fly ash samples conformed to ASTM C618 standards, validating their suitability for use in 
concrete construction projects.  Laboratory testing, including loss-on-ignition (LOI), specific surface area 
(SSA), pore size distribution (PSD), and the Foam index (FI), was performed to characterize each fly ash 
sample and evaluate properties that may affect air entrainment in concrete mixtures.  Fly ash samples 
were not homogenized, but composite sampling is recommended for future laboratory testing to 
account for the variability of properties within a fly ash sample. The characterization procedures used 
for the LOI, SSA, PSD, and FI experiments are detailed in the remainder of this section. 
 The class of fly ash was determined by chemical composition tests that included ASTM C114 
performed by the fly ash manufacturers, where 7 of the 12 fly ash samples were Class C and the other 5 
samples were Class F.  The LOI test is described in a recent MS thesis (Schrader 2020). 
 Fly Ash SSA and PSD were measured with the NOVA 2200e Surface Area Analyzer (Anton Paar) 
with nitrogen gas as the adsorbate at 77 K (Thommes et al. 2015).  The Brunauer-Emmett-Teller (BET) 
method for SSA assumes that the adsorbate gas forms a monolayer coverage on all surfaces of the fly 
ash pores.  Approximately 5 grams of a fly ash sample was placed in a 9 mm stem diameter cell with a 
large end-bulb and degassed at 200 °C for 12–24 hours to evacuate the particle surfaces and pores of 
other sorbates.  The sample cell was incrementally heated to 200 °C over a 30-minute period to avoid 
damaging the glass sample cell.  After the degassing phase, the fly ash mass was measured and the 
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desired relative pressure range, P/P0 (0.05 to 0.30 for BET) were entered into the NovaWin software.  
The sample cell was then cooled to 77 K in a liquid nitrogen bath while the measured volumes of 
nitrogen gas (y-axis) adsorbed by the fly ash were recorded at the specified relative pressures (x-axis), 
forming an adsorption isotherm, similar to that shown in Figure 2-1.  Reliable test results consist of a 
positive y-intercept and C constant, a value indicating the magnitude of the interaction between the 
adsorbent and adsorbate.  Additionally, the correlation coefficient (R2 value) should be greater than 
0.999. 
 
Figure 2-1.  Nitrogen adsorption isotherm used to determine specific surface area 
A majority of the preliminary test results yielded negative C constants and y-intercepts, 
indicating microporosity in the following fly ash samples: Newark, Redfield, Mill Creek, Gentry, Franklin, 
Sikeston, Wilsonville, and Red Rock.  Therefore, the Micropore BET Assistant feature of the NovaWin 
software was used to select alternative pressure ranges for each of these samples, as shown in Table 2-
1, to improve the reliability of the SSA results (AntonPaar 2019). 
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Red Rock 0.01-0.13 
 Fly ash PSD tests, consisting of cumulative surface area and cumulative pore volume, were 
conducted with the same NOVA 2200e Surface Area Analyzer using the Density Functional Theory (DFT) 
method.  The PSD test followed the same procedure as that of the SSA test with one key exception: 
carbon dioxide gas adsorption was required in addition to the traditional nitrogen gas adsorption.  
Carbon dioxide gas was used for obtaining the PSD data for micropores, which are generally considered 
to be pores less than 7 Å in half-width.  Nitrogen gas adsorption can be used for this micropore analysis 
as well, but it requires around 40 hours to complete a test due to diffusional limitations, whereas carbon 
dioxide adsorption requires only 3 hours to complete (AntonPaar 2018).  The carbon dioxide adsorbate 
method used a circulation tank filled with ethylene glycol as the coolant, which was cooled to 0 °C.  
Changing the adsorbate gas also requires modifications to parameters in the NovaWin program such as 
adsorption and desorption points, adsorbate selection, and equilibrium pressure.  These parameters are 
summarized in Table 2-2.  Using DFT analysis exported from the NovaWin software, the PSD data for the 
two adsorbates were combined, where data from the carbon dioxide adsorbate was used for half pore 




Table 2-2.  Pore Size Distribution Adsorbate Specific Parameters Adjusted in NovaWin software  




0.0050 0.0750 0.3000 0.7167 0.8750 0.8000 0.7167 0.6333 
760 
0.0163 0.1056 0.3833 0.8000 0.5500 0.4667 0.3833 0.3000 
0.0275 0.1611 0.4667 0.8950 0.2722 0.2167 0.1611 0.1056 
0.0388 0.2167 0.5500 0.9900 0.0750 0.0500 0.0388 0.0275 
0.0500 0.2722 0.6333  0.0163 0.0050   
Carbon 
Dioxide 
0.0500 0.0750 0.1000 0.1250 0.8500 0.8000 0.7500 0.7000 
26,141 
0.1500 0.1750 0.2000 0.2250 0.6000 0.5000 0.4000 0.3500 
0.2500 0.2750 0.3000 0.3500 0.3000 0.2500 0.2000 0.1500 
0.4000 0.5000 0.6000 0.7000 0.1000 0.0500   
0.8000 0.8500 0.9000 0.9500     
The FI test was performed by placing two grams of fly ash, eight grams of portland cement, and 
25 mL of millipore water into a 60 mL VOA vial (Kulaots et al. 2003).  Vials were capped and shaken 
horizontally for 1 minute in an Eberbach fixed speed reciprocal shaker at the maximum speed of 280 
oscillations per minute.  The set up for the Eberbach shaker is shown in Figure 2-2.  A 5% AEA aqueous 
solution was formed by combining 5 mL of the AEA and 95 mL of Millipore water with a resistivity of 
18.2 MΩ–cm.  Although this assumption was not tested, a given fly ash sample would be expected to 
require double the volume of a 5% AEA solution than a 10% AEA solution to reach a stable foam.  
Precisely 0.02 mL of the AEA solution was added dropwise using a 100 μL micropipette.  The VOA vial 
was subsequently capped and mechanically shaken for 15 seconds after each added drop.  The liquid 
surface was observed after each agitation interval and the endpoint was achieved when the foam 
stabilized, covering the entire liquid surface for at least 45 seconds.  The volume of AEA added to reach a 
stable foam represents the foam index and is reported in units of mL AEA/2 g of fly ash.  The relative 
foam index was determined by subtracting the foam index value of a cement-only sample from the foam 
index of a cement-fly ash sample.  Four FI tests were conducted for each fly ash sample as well as the 




Figure 2-2.  Eberbach fixed speed reciprocal shaker with 12 VOA vials (four per sample). 
Additionally, the amount of AEA required to reach 6 % ± 1 % air content in a concrete batch was 
measured for each fly ash sample.  Schrader (2020) detailed the AEA dosing procedure and air content 
test.  The concrete mix proportions of the cementitious materials (CMAT) are shown in Table 2-3. 
Table 2-3.  Concrete Mix Proportions  
Material Amount Units 
Cement 290 kg/m3 
Fly Ash 72 kg/m3 
Fine Aggregate 718 kg/m3 
Coarse Aggregate 1003 kg/m3 
Water 152 kg/m3 
High Range Water 
Reducing Admixture 
1.1 Fl.  oz./100 kg CMAT 
2.2 Dye Screening as AEA Surrogates 
Two commercially-available AEAs, Daravair® 1000 and TeraPAVE®, were tested in addition to six 
dyes that were selected for screening as AEA surrogates.  The chemical properties of these AEAs are 
propriety information of GCP Applied Technologies, creating the need for chemical characterization by 
UV spectrometry and physical sizing by asymmetric flow field flow fractionation (AF4).  The procedures 
for these tests are detailed next. 
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Dye molecular weights were provided by their manufacturers, whereas the peak UV absorbance 
wavelengths of the AEA and dye samples were measured with the Shimadzu UV-2450 
spectrophotometer using a wavelength range of 400 to 200 nm and a Starna Cell quartz cuvette with a 1 
cm pathlength.  Standard curves for the AEA and dye samples were developed by measuring the UV 
absorbance of known sample concentrations at serial dilutions in twofold intervals, ranging from 0.098 – 
25 mg/L for dye samples and 0.0098 – 0.625 % by volume for AEA samples. 
 Dyes were screened to identify surrogates for the AEA samples by comparing their water 
diffusivities, a proxy for molecular weight, as characterized by their elution times through the AF4 
system.  AF4 is a method of separating and sizing macromolecules, ranging from 1 nm to 100 μm, and 
estimate an analyte’s diffusion coefficient and/or hydrodynamic diameter (Dou et al. 2015).  A sample of 
the analyte, which consisted of either a dye or AEA mixture in this study, was injected into the stream of 
eluent as it entered a membrane-backed channel where a cross-flow field enabled differently sized 
particles to elute from the channel in order of increasing size, allowing for particles to be detected by UV 
spectroscopy (Schimpf et al. 2000). 
An AF2000-MT instrument from Postnova Analytics was used, featuring four pumps (tip, focus, 
syringe, and slot), an auto-sampler, and a separation channel.  The channel outlet flowed into an inline 
UV-diode array detector from Agilent Technologies.  The Postnova Software controls the AF4 pumps as 
well as the auto-sampler and also monitors the system pressure, which must stay between 10–14 bar to 
avoid damage to the membrane.  The Agilent ChemStation for LC systems controls the UV detector and 
collects the data (Pifer et al. 2011). 
The AF4 experiments were conducted using a 1 kDa PES membrane, a 10 mM phosphate buffer 
as the carrier solution, and a cross flow of 3 mL/min.  A blank, consisting of the phosphate buffer, was 
run before and in between all samples to minimize carryover contamination.  For example, if three 
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samples were to be analyzed, the tests were sequenced as follows: Blank, Sample 1, Blank, Sample 2, 
Blank, Sample 3.  The same flow parameters were used for each sample and are shown in Figure 2-3.  At 
the end of a test, the UV signal response was exported from the Agilent ChemStation to Microsoft Excel, 
where the data was offset and normalized before being plotted.  Dyes with signal responses most 
closely resembling those of the air entraining admixtures, with respect to sample peak elution time, 
were selected as surrogates for the adsorption isotherm experiment. 
 
Figure 2-3.  Flowrates for the Tip, Focus, and Crossflow pumps set in Postnova Software and used in the 
AF4 characterization of the AEA samples and surrogate dyes. 
2.3 Dye Adsorption Isotherm 
 Based on Zhang & Nelson (2007) and McCarthy et al.  (2012), this study used adsorption 
isotherms to observe colorimetric changes of an aqueous-phase dye to determine the mass of dye 
adsorbed by each fly ash sample.  The mass of dye adsorbed was expected to correlate to a mass of AEA 
absorbed in concrete mixtures.  Adsorption isotherm experiments consisted of placing a known mass of 
adsorbent, m, into a known dye concentration, C0, and volume, V, of adsorbate and mixing for 7 days 





















Sieving was performed to remove fines that hindered dispersal when the fly ash was added to 
the aqueous dye solution.  Fines can lead to particulate accumulation at the water-air interface or block 
potential adsorption sites by clinging to larger particles (Nguyen et al. 2004).  Therefore, fly ash samples 
were wet sieved through a No. 100 and retained by a No. 200 sieve.  The retained fly ash was rinsed 
with Milli-Q water until the supernatant reached a turbidity ≤ 2.0 NTU, dewatered using a 0.45 µm 
polyethersulfone membrane by vacuum filtration, and oven dried at 105 °C for 24 hours.  The dye 
solution was sonicated for one minute upon adding the sieved fly ash to further assist with dispersal.   
Many studies have used dye adsorption isotherms to assess the adsorption capacity of fly ash in 
the context of wastewater treatment (Janos et al. 2003, Wang et al. 2005, Lin et al. 2008, Sun et al. 
2010).  These studies created adsorption isotherms involving four to nine adsorption points by placing a 
constant fly ash mass, which ranged from 0.02–0.40 g, into four to nine differently concentrated dye 
solutions.  In this study, six point dye adsorption isotherms were collected in triplicate for the twelve fly 
ash samples by equilibrating 0.2 g of sieved (100 × 200 mesh fraction) fly ash with six dye solutions at 
initial concentrations ranging from 0.25 to 30 mg/L.  The 125 mL bottles were filled with the dye solution 
until headspace was eliminated.  Equation 2-1 was used to calculate the measured solid-phase chemical 
loading, qe, using the change in dye concentration after solutions were tumbled at about 7 rpm for 
seven days.  The UV absorbance of the supernatant was measured with the Shimadzu UV-2450 
spectrometer and converted into a concentration using a standard curve. 
 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑞𝑞𝑒𝑒 =
(𝐶𝐶𝑜𝑜−𝐶𝐶𝑒𝑒)𝑉𝑉
𝑚𝑚
  (2-1) 
Dye adsorption isotherms were formulated by plotting qe against the equilibrium dye concentration, Ce, 
and Freundlich fitting parameters, Kf and N determined using an R-code developed by Fairey and 
Wahman (2013) along with their joint 95 % confidence intervals.  The modeled dye adsorption capacity, 
qe, was estimated from the Kf and N values using Equation 2-2 at a Ce of 10 mg/L, which was selected 
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based on minimal residual dye adsorption, the difference between measured qe and modeled qe, among 
the six adsorption isotherm data sets. The modeled qe was related to the AEA dosing data to evaluate 
the effectiveness of the dye adsorption isotherm test in estimating AEA dosing. 
 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝐶𝐶𝑒𝑒𝑁𝑁 (2-2) 
 As noted in Section 1.4, this experiment builds upon the study performed by McCarthy et al.  
(2012).  Although the two experiments use the same acid blue dye (AB_679), Table 2-4 outlines 
numerous differences in the parameters and procedures used in the two experiments, as well as the 
justification for these changes, that may lead to varying results in the dye adsorption isotherm data.   
Table 2-4.  Procedural comparison between the dye adsorption isotherm experiments 
Experimental 
Property 
McCarthy et al. 
(2012) Spencer (2021) Justification 
Mixing method & 
speed 
Magnetic stirrer 
(400 rpm) Tumbler (7 rpm) 
Tumbler allowed for good 
mixing and was suitable for 
many bottles simulataneoulsy 
Contact Time 60 min 7 days Ensured sorption equilibrium 
Fly Ash Mass 1.0 – 2.0 g 0.2 g Attempt to conserve sieved material 
Dye 
Concentration 85 mg/L 0.25 – 30 mg/L 
Attempt to achieve greater 
range in qe 
# of Dye 
Isotherm Points 
3 (varied fly ash 
mass) 6 (varied dye conc.) 6 to 9 points is common 
Filter No. 40 cellulose (8-10 µM) 0.45 µm PES syringe filter Standard for particle removal 
Fly ash 
preparation Not sieved 
Not sieved and 
Sieved (100 x 200 mesh) Sieving removed fines 




(unspecified) TeraPAVE & Daravair AEAs available at ENRC lab 
# of fly ash 





2.4 AEA Adsorption Isotherm 
Adsorption isotherm testing was also performed using an AEA adsorbate, Daravair 1000.  In this 
experiment, three-point AEA adsorption isotherms were collected in triplicate for the twelve fly ash 
samples by equilibrating 0.2 g of unsieved fly ash with three AEA solutions at initial concentrations 
ranging from 30–160 mg/L for 24 hours.  The mass-based concentration of the Daravair AEA stock 
solution was determined using the total solids test detailed in ASTM C494 for chemical admixtures, 
where 4 mL of the AEA was poured over 25 grams of Ottawa sand and oven dried at 105 °C (ASTM 
2019).  The total solids percentage was determined using Equation 2-3 and the concentration was 
determined by multiplying the total solids value by 10,000 (MPCA 2017).  
 𝑇𝑇𝑀𝑀𝑇𝑇𝑀𝑀𝑀𝑀 𝑆𝑆𝑀𝑀𝑀𝑀𝑆𝑆𝑀𝑀𝑀𝑀 (%) = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑓𝑓 𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑑𝑑 𝐴𝐴𝐴𝐴𝐴𝐴 𝑑𝑑𝑒𝑒𝑚𝑚𝑑𝑑𝑑𝑑𝑟𝑟𝑒𝑒
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑒𝑒
  (2-3) 
The 60 mL bottles were filled with the AEA solution headspace-free.  Similar to the dye adsorption 
isotherm tests, Equations 2-1 and 2-2 were used to determine the measured and modeled adsorption 
values, respectively.  The measured AEA absorbance was calculated using Equation 2-1 and the 
Freundlich fitting parameters generated from the R-code were used to calculate the modeled 
adsorption using Equation 2-2. 
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RESULTS AND DISCUSSION 
3.1 Fly Ash Characterization Data 
The physical characterization data of the 12 fly ash samples are shown in Table 3-1.  The pore 
size distribution (PSD) data, which included the cumulative pore volume (CPV) and cumulative surface 
area (CSA), were determined by combining the density functional theory (DFT) data from the carbon 
dioxide and nitrogen gas adsorbates for half pore widths (HPWs) greater than 0.5 nm. 
Table 3-1.  Fly Ash Characterization 










(mL 5% AEA/ 
2 g FA) 
Newark, AR C 0.376 1.7 0.0045 2.1 0.130 
Marissa, IL F 0.569 0.9 0.0007 0.4 0.005 
Redfield, AR C 0.619 2.9 0.0033 1.6 0.160 
Brookline, MO C 0.549 1.6 0.0036 1.7 0.025 
Mill Creek, KY F 1.559 1.6 0.0031 1.9 0.130 
Ghent, KY F 2.993 2.7 0.0021 1.2 0.155 
Red Rock, OK C 0.407 1.0 0.0028 1.3 0 
Gentry, AR C 0.474 1.1 0.0045 2.1 0.010 
Oologah, OK C 0.323 0.9 0.0037 1.7 0.005 
Sikeston, MO C 0.592 3.4 0.0041 2.3 0.140 
Wilsonville, AL F 3.370 2.0 0.0016 1.2 0.175 
Franklin, TX F 0.057 0.6 0.0009 0.6 0 
LOI – Loss on Ignition 
BET – Brunuer–Emmett–Teller 
AEA – Air-entrainer admixture 
FA – fly ash 
Table 3-1 shows the LOI varied by a factor of ten, from 0.323–3.370 %; BET surface area ranged from 
0.6–3.4 m2/g, and the foam index (FI) ranged from 0–0.175 mL 5 % AEA/2 g fly ash.  An FI of 0 mL 5% 
AEA/2 g fly ash indicated that the fly ash-based mixture required the same AEA dose to reach a stable 
foam as the cement-only samples.  Among the physical properties shown in Table 3-1, CPV and CSA 
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were strongly correlated (R2 = 0.91) and specific surface area (SSA) and FI were moderately correlated 
(R2 = 0.68).  The strong correlation between CPV and CSA indicates the fly ash samples contained pores 
available for sorption.  Correlations between physical properties improved when the fly ash data were 
partitioned by class.  For Class F fly ash only, there were strong correlations between LOI and SSA (R2 = 
0.85), LOI and FI (R2 = 0.90), and SSA and FI (R2 = 0.81).  For Class C, there were moderate correlations for 
LOI and SSA (R2 = 0.64) and SSA and FI (R2 = 0.76).  Uncertainty in these correlations may stem from the 
lack of composite sampling and fly ash variability, as discussed in Sections 1.3 and 2.1.  Therefore, 
additional LOI testing was conducted for the Red Rock fly ash sample to assess variability in the carbon 
content.  The fly ash was divided into 10 containers and each container was thoroughly mixed prior to 
collecting three 1.0 g samples from each container and measuring the LOI.  Figure 3-1 shows the 
variability in the LOI of fly ash from Red Rock ranged from 0.6–1.8 %.  The average LOI (n = 30) was 0.89 
%, which was similar to the 0.94 % provided by the supplier, and the standard deviation was 0.23 %.  
However, given the LOI varied by a factor of three, future studies should consider homogenization of fly 
ash samples to increase the likelihood that representative measurements are obtained. 
 


















Figure 3-2 correlates the air entraining admixture (AEA) dose needed to achieve 6 % air content 
in concrete to FI and the fly ash SSA.  There were moderate correlations between the AEA dose and FI, 
with R2 values of 0.55 and 0.66 for the TeraPAVE and Daravair, respectively.  A stronger correlation was 
found between Daravair AEA dose and SSA (R2 = 0.78).  Daravair exhibited a higher correlation 
coefficient than TeraPAVE for both relationships shown in Figure 3-2.  The Daravair AEA dosing tests 
were performed indoors, with temperatures ranging from 68–75 °F, whereas the TeraPAVE dosing tests 
were performed outside between March–August 2019, where temperatures ranged from 45–90 °F.  
Dodson (1990) found that air content decreased by 10% when temperature was increased from 70 to 
100°F, whereas air content increased by 40 % when temperature decreased from 70 to 39°F.  Therefore, 
compared to the Daravair dosing data, the TeraPAVE dose required to achieve an air content of 6 % may 
have been overrepresented for samples tested in warmer months and underrepresented for samples 
tested in colder months.  The ambient temperatures were not recorded during the TeraPAVE testing, 
precluding temperature-correction of these data.  
 
Figure 3-2.  Air-entraining admixture (AEA) dose needed to achieve a 6 % air content in concrete vs. (a) 





3.2 Dye and AEA Characterization Data 
The AEA and dye characterization data is shown in Table 3-2.  The dyes were abbreviated in the 
following format: dye acronym_molecular weight_UV peak absorbance wavelength.  Because the 
molecular weight and other data of the AEAs is proprietary information of GCP Applied Technologies, 
asymmetric field flow fractionation (AF4) was used to characterize the AEA diffusivities, which was 
inferred by the sample peak elution time relative to dyes with known molecular weights. 








Teraprave AEA - n/a 242 16 
Daravair AEA - n/a 242 13 
Methylene Blue MB_320_292 320 292 - 
Acid Orange 7 AO_350_230 350 230 14 
Acid Red 1 AR_509_235 509 235 15 
Acid Black 1 ABk_616_232 616 232 14 
Acid Blue 80 AB_679_259 679 259 15 
Acid Red 1 AR_831_255 831 255 20 
The data in Table 3-2 indicate that as the dye molecular weight increased from 320 to 831 g/mol, the 
peak elution time increased from 14 to 20 min.  This was an expected result that indicated larger 
molecular weight compounds eluted from the AF4 channel at greater elution times.  The MB_320_292 
dye lacked a distinguishable sample peak so the peak elution time could not be determined.  This may 
be attributed to the pore size of the AF4 channel membrane of 1 kDa, which may have been too large to 
prevent this dye from passing through membrane and being lost in the analysis.  The elution times of 
the AEAs were 16 and 13 minutes, suggesting their molecular weights were about 700 and 300 g/mol, 
respectively.  The ultraviolet (UV) signal responses of the dyes and AEAs are shown in Figure 3-3, where 
the elution times were determined by the position of the sample peak.  A void peak appears around 7 
minutes for each sample, but the sample peaks varied by sample based on its diffusivity.  Compared to 
the other dye samples, AB_679_259 and ABk_616_232 most closely matched the elution times of the 
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AEA samples, as shown in Figure 3-3, and were therefore selected as surrogates for the dye adsorption 
isotherm experiment. 
 
Figure 3-3.  Ultraviolet absorbance as a function of elution time from the AF4 channel for (a) six colored 
dyes labelled as dye acronym_molecular weight_UV peak absorbance wavelength (b) two air entraining 
admixtures (AEA) and the colored dyes that mostly closely matched their peak elution times. 
3.3 Adsorption Isotherm Data 
The adsorption isotherm experiments were conducted using AB_679_259 dye and Daravair AEA, 
the procedures of which are detailed in Sections 2.3 and 2.4, respectively.  A contact time of 7 days was 
used for the dye adsorption isotherm to ensure that the equilibrium was reached, whereas a 24 hour 
contact time was used for the AEA adsorption isotherm upon observing that the adsorption density, qe, 
reached a constant level after samples were tumbled for 4 hours (see Figure 3-4).  Therefore, after 24 






Figure 3-4.  Equilibration testing for air entraining admixture (AEA) adsorption isotherms 
The adsorption isotherms were formulated by plotting qe against the equilibrium adsorbate 
concentration in the water, Ce, as shown in Figure 3-5.  Each isotherm point was measured in triplicate 
for all 12 fly ash samples and the measured qe vs. Ce data was analyzed using an R-code developed by 
Fairey and Wahman (2013) to determine modeled adsorption capacity. 
 
Figure 3-5.  Six-point dye adsorption isotherm for the Franklin fly ash sample 
The greatest Ce value exhibited the largest deviation from the best fit for the majority of the 12 fly ash 
















































0.2 g per bottle
7 day equilibration time
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for dyes at lower Ce values.  For 9 of the 12 fly ash samples, a nonlinear regression was used to 
determine the Freundlich fitting parameters, Kf and N, as well as their joint confidence intervals.  Figure 
3-6 shows the mean Kf and N values and their nonlinear joint confidence intervals for AEA adsorption 
(panels a and c) and dye adsorption (panels b and d).  A separate panel was added to Figure 3-6 to show 
the linear joint confidence intervals, expressed using log Kf, for the AEA adsorption (panel e) and dye 
adsorption (panel f) for the Marissa, Mill Creek, and Wilsonville fly ash samples.  The concentration of 
the AEA exhibited little change after being equilibrated with these three fly ash samples, indicating that 
substantially less loading occurred compared to the other nine samples.  This was not observed in the 
dye adsorption isotherms, where the confidence intervals suggest that loading was comparable among 
all 12 fly ash samples (panels b, d, and f).  Discrepancies between the shapes and parameters of the 
confidence intervals from the AEA (panels a, c, and e) and the dye adsorption isotherms (b, d, and f) 
indicated that the dye sorbed differently than the AEAs and is likely a poor AEA surrogate.  Therefore, 









Figure 3-6.  Freundlich fitting parameters, Kf, vs. N, for (a, c, e) air entraining admixture (AEA) and (b, d, 






Larger confidence intervals indicated greater variability in the adsorption isotherm data.  The triangular 
markers in Figure 3-6 indicate the Kf–N coordinates that resulted in the maximum () and minimum 
() modeled adsorption capacities, qe.  The maximum qe occurred at relatively low N values for the AEA 
adsorption isotherm (panels a, c, and e) and at relatively high N values for the dye adsorption isotherm 
(panels b, d, and f). 
The qe values were calculated using equilibrium concentrations selected based on the AEA and 
dye adsorption residuals shown in Figure 3-7.  The residuals illustrate the difference between the 
measured and modeled adsorption data, so stronger correlations between the measured and modeled 
adsorption data resulted in residuals closer to 0.  The residual dye adsorption data was most closely 
clustered about the x-axis at a concentration of 40 mg/L for the AEA adsorption data (panel a) and 10 
mg/L for the dye adsorption data (panel b), as highlighted by the dashed red circles in Figure 3-7. 
 
Figure 3-7.  Residuals of the measured vs. modeled adsorption data for (a) air entraining admixture 
(AEA) and (b) dye adsorption isotherms 
The modeled adsorption capacities for the two isotherm experiments are shown in Figure 3-8 
and show weak correlations to the AEA dose required to achieve 6% air content in concrete mixtures.  
The y-axis error bars in Figure 3-8 were established using the maximum and minimum adsorption 




confidence intervals generally resulted in wider ranges of error in the adsorption results. The variation in 
the fly ash adsorption capacity hierarchy between the two adsorption isotherm experiments further 
demonstrates that the sorption properties of the AEA were different than those of the dye (e.g., 
AB_679_259), leading to the conclusion that the dye was not a suitable AEA surrogate.  For example, the 
Ghent fly ash possessed the lowest AEA qe and the second highest dye qe. 
 
 
Figure 3-8.  (a and c) Air entraining admixture (AEA) adsorption capacity for a Ce of 40 mg/L and (b and 
d) dye adsorption capacity for a Ce of 10 mg/L vs. AEA dose needed to achieve 6 % air content in 
concrete 
Some test parameters of the dye adsorption isotherm were altered to examine their impact on 





using unsieved fly ash to evaluate whether the modeled adsorption capacity of fly ash was affected by 
sieving.  The modeled qe results for the sieved and unsieved Franklin fly ash samples exhibited a percent 
difference 0.6 %, indicating that sieving has minimal impact to a fly ash’s adsorption capacity.  The 
experiment was also repeated for the Sikeston and Marissa fly ashes using two additional isotherm 
points, with initial dye concentrations of 50 and 70 mg/L, to evaluate if increasing adsorbate 
concentration affected modeled adsorption capacity.  The addition of these two isotherm points 
resulted in a 0.4 % and 10 % increase in the modeled dye adsorption capacity of the Sikeston and 
Marissa fly ash samples, respectively.  An additional parameter that could be examined in future 
adsorption studies is the ratio of fly ash to cement.  The adsorption isotherms in this study use a 100 % 
replacement of cement by fly ash, whereas the FI test and AEA dosing requirement tests were 
conducted using a 20 % replacement of cement by fly ash and may be a more realistic simulation of the 
interactions in concrete mixtures. 
Figure 3-9 compares the dye adsorption capacity and AEA dosing requirement results of this 
experiment to those reported by McCarthy et al.  (2012), in which dye adsorption capacity exhibited a 
strong correlation to the AEA dose required to achieve a 6% air content in concrete (R2 = 0.91).  The 12 
fly ash samples used in this experiment exhibited lower adsorption capacities than those of McCarthy et 




Figure 3-9.  Air entraining admixture (AEA) dose needed to achieve 6% air content in concrete vs. dye 
adsorption capacity (McCarthy et al. 2012) 
Although 15 different fly ash samples were observed by McCarthy et al. (2012), the AEA dosing data was 
only presented for 6 of these 15 fly ash samples.  This selective sampling may have biased McCarthy’s 
correlation coefficient (R2 = 0.91) because it does not reflect the full data set.  Table 2-4 from Section 2.3 
also outlines procedural differences between the two dye adsorption isotherm experiments that may 
have led to varying dye adsorption capacity results.  For example, McCarthy used higher initial dye 
concentrations, 85 mg/L, and larger masses of fly ash, 1 to 2 g, which would be expected to result in 
larger adsorption capacities.  The experiments in this thesis used concrete mixtures containing 20% fly 
ash and observed AEA dosing requirements ranging from 10 to 75 mL of AEA / 100 kg of cementitious 
materials (CMAT), whereas McCarthy et al. (2012) used a 25% fly ash ratio and AEA dosing ranged from 
100 to 530 mL AEA / 100 kg CMAT. 
In addition to using 5% more fly ash, McCarthy’s fly ash samples possessed larger SSA and LOI, 
which may explain why McCarthy’s AEA doses were higher than those of Schrader (2020).  Figure 3-10 



































amounts of surface area or carbon content indicates an increase in adsorption sites and were therefore 
expected to lead to more AEA or dye sorption.  Figure 3-10 also suggests that carbon content was an 
insignificant factor for AEA adsorption for fly ashes with LOI’s less than 3% because there was a poor 
correlation between dye adsorption capacity and LOI for fly ashes with LOI’s less than 3%. 
 
Figure 3-10.  Dye adsorption capacity vs. (a) specific surface area and (b) loss on ignition 
3.4 Instability of AEA Compounds 
The stability of the AEA samples was investigated because factors such as volatilization may 
affect the AEA’s UV absorbance spectra and sorption properties.  Figure 3-11 illustrates the colorimetric 
differences between three batches of the TeraPAVE AEA that were produced in 2021, 2020, and 2016.  
The color of the AEA solution darkened over time, indicating instability of the mixtures. 
 
Figure 3-11.  Colorimetric comparison of three air entraining admixture (AEA) batches from newest on 




AEA instability was quantified by measuring the UV absorbance spectra of the three AEA batches. Figure 
3-12 illustrates that the 2021 batch of TeraPAVE exhibited the highest absorbance, followed by the 2016 
batch and the 2020 batch.  The similar absorbances of the 2020 and 2016 batches demonstrate that the 
AEA properties may have changed relatively rapidly during the first year of storage and then began to 
stabilize.  The variation in UV absorbance over time demonstrates the need for coordination between 
the AEA dose testing in concrete and the AEA adsorption isotherm experiments.  If possible, these tests 
should be performed simultaneously or within the same time frame to ensure that the AEA properties 
are the same for both tests.  In this study, the TeraPAVE dose tests in concrete were performed from 
March to August in 2020 while the AEA adsorption isotherm test was conducted in March 2021; 
therefore, there may have been variability in the AEA batch between the two tests due to the instability 
of the AEA.  Additional testing should be performed in future studies to observe the change in 
absorbance and concentration within a single batch of AEA time to further establish the kinetics of AEA 
decay. 
 




















Linear (2021 Standard Curve)
Linear (2020 Standard Curve)
Linear (2016 Standard Curve)
32 
 
3.5 Regression Analysis 
Multi-linear regression models were developed to analyze the relationship between various 
physical and chemical fly ash properties and the Daravair AEA doses needed to achieve 6% air content in 
concrete.  This analysis was limited to two independent variables and one dependent variable using the 
regression tool in Microsoft Excel.  The adjusted R square was used to assess the models because the 
analysis involved multiple independent variables, and is calculated using Equation 3-1, where n is the 
number of observations and k is the number of independent variables.  Because there were 12 AEA 
doses and the regression analysis used two independent variables, n = 12 and k = 2.  
 𝐴𝐴𝑀𝑀𝐴𝐴𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀𝑀𝑀 𝑅𝑅2 = 1 − �1−𝑅𝑅
2�(𝑛𝑛−1)
𝑛𝑛−𝑘𝑘−1
  (3-1) 
An independent variable was considered to be statistically significant if the p-value was less than 0.05 
and the significance F values were less than 0.05 to ensure the accuracy of the regression model.  The 
CSA and CPV data presented in Table 3-3 represents pores with half widths greater than 0.5 nm.  Table 
3-3 shows that SSA and CSA was the only independent variable pairing that displayed statistical 
significance with AEA dosing as the dependent variable because the P-values were less than 0.05.  
Independent variables that yielded P-values greater than 0.05 were assumed to be uncorrelated to the 
AEA dose requirements and result in less accurate regression models.  This regression analysis was also 
repeated using modeled dye adsorption capacity, qe, as the dependent variable, but there were no 
independent variables that demonstrated statistical significance, indicating that the adsorption isotherm 




Table 3-3. Regression analysis using air entraining admixture dosing as the dependent variable 
Independent Variables Adjusted R2 Intercept Coefficients P-value Significance F 
SSA 0.75 7.75 19.67 0.0003 0.0008 
LOI -2.41 0.4194 
SSA 0.85 -4.08 15.41 0.0003 0.0001 
CSA 11.12 0.0228 
SSA 0.82 -1.50 16.89 0.0002 0.0002 
CPV 3983.46 0.0639 
SSA 0.73 12.26 19.42 0.0006 0.0010 
qe -11.38 0.6240 
qe -0.01 10.60 43.09 0.2911 0.4303 
LOI 3.50 0.5203 
qe 0.19 -1.46 37.31 0.3083 0.1573 
CPV 6481.00 0.1276 
qe 0.36 -4.71 25.61 0.4386 0.0562 
CSA 19.20 0.0387 
CSA 0.43 0.10 22.09 0.0139 0.0321 
LOI 5.48 0.1976 
CPV 0.29 5.00 9005.64 0.0403 0.0844 
LOI 7.50 0.1365 
SSA – Specific Surface Area 
LOI – Loss on Ignition 
CSA – Cumulative Surface Area 
CPV – Cumulative Pore Volume 
qe – Modeled dye adsorption capacity 
Multicollinearity, the correlation between independent variables used in a regression model, 
was evaluated using the variance inflation factor (VIF) to ensure that independent variables were not 
related to one another.  VIF was calculated using Equation 3-2, where R2 represents the correlation 
coefficient between the two independent variables.   
 𝑉𝑉𝑉𝑉𝑉𝑉 = 1
1−𝑅𝑅2
  (3-2) 
The VIF was calculated for the independent variable pairings that exhibited the highest adjusted R2 value 




Table 3-4. Variance inflations factor (VIF) results to observe multicollinearity 
Independent Variables R2 VIF 
SSA and LOI 0.160 1.19 
SSA and CSA 0.176 1.21 
SSA and CPV 0.073 1.08 
SSA and qe 0.237 1.31 
SSA – Specific Surface Area 
LOI – Loss on Ignition 
CSA – Cumulative Surface Area 
CPV – Cumulative Pore Volume 
qe – Modeled dye adsorption capacity 
VIF ranges from one to infinity, where a VIF value of 1.00 indicates no correlation between the 
independent while VIF values exceeding 5 exhibit high correlation and the reliability of the regression 
analysis should be questioned.  For example, CPV and CSA were not paired together for regression 
analysis because they possessed a high correlation coefficient (R2 = 0.91), as discussed in Section 3.1. 
This correlation coefficient resulted in a VIF of 5.81, indicating multicollinearity for these two variables.  
Because the VIFs in Table 3-4 were close to 1, the independent variable pairings exhibited minimal 
multicollinearity.  The SSA and CSA independent variable pairing was considered to be the most reliable 
regression model because their p-values indicated statistical significance.  This multilinear regression 
model, depicted by Equation 3-3, was used to predict the Daravair AEA dose required to achieve 6 % air 
content in concrete. 
 𝑃𝑃𝑀𝑀𝑀𝑀𝑀𝑀𝑆𝑆𝑃𝑃𝑇𝑇𝑀𝑀𝑀𝑀 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀𝐷𝐷𝑀𝑀𝑆𝑆𝑀𝑀 𝐷𝐷𝑀𝑀𝑀𝑀𝑆𝑆𝐷𝐷𝐷𝐷_6 % 𝑀𝑀𝑆𝑆𝑀𝑀 = 15.4(𝑆𝑆𝑆𝑆𝐴𝐴) + 11.1(𝐶𝐶𝑆𝑆𝐴𝐴) − 4.08  (3-3) 
Figure 3-13 illustrates the correlation between Predicted Daravair Dosing_6 % air and the AEA dosing 
data observed by Schrader (2020).  The adjusted R2 of 0.85 shows improvement to the correlation 
coefficient shown in Figure 3-2 from Section 3.1, suggesting that the combination of SSA and CSA 
resulted in a stronger predictor of the AEA dose required to achieve 6 % air content in concrete than SSA 





Figure 3-13. Relationship between the predicted and observed air entraining admixture dosing  
Using the approach established by Needham et al. (2017), the robustness of the regression 
model was tested by removing fly ash samples from the data set one at a time and observing the effect 
on the adjusted R2 value and the significance of the model, the results of which are shown in Table 3-5.  
Removing a given fly ash assisted in evaluating if that one fly ash sample had more influence than the 
other 11 fly ashes.  The adjusted R2 was 0.85 when using the full data set and ranged from 0.79-0.93 
when each fly ash was removed from the data set.  The p-values for SSA and CSA were initially 0.0003 
and 0.0228, but ranged from 0.00002-0.00154 and 0.0137-0.0969, respectively.  Table 3-5 indicates that 
CSA was not statistically significant for only the Marissa fly ash because the p-value exceeded 0.05.  The 
model exhibited the highest variation when the Mill Creek and Sikeston fly ashes were removed, but 





































Observed Daravair Dosing_6% air (mL / 100 kg CMAT)
Brookline Franklin Mill Creek
Sikeston Newark Redfield
Ghent Marissa Gentry




Table 3-5. Influence of Fly Ash Observations 
Sample Removed Adjusted R2 p-value SSA CSA 
Brookline 0.86 0.00051 0.0221 
Franklin 0.84 0.00043 0.0210 
Mill Creek 0.93 0.00002 0.0146 
Sikeston 0.79 0.00101 0.0267 
Newark 0.85 0.00065 0.0457 
Redfield 0.83 0.00154 0.0214 
Ghent 0.84 0.00134 0.0496 
Marissa 0.81 0.00057 0.0969 
Gentry 0.87 0.00117 0.0137 
Oolagah 0.84 0.00097 0.0359 
Wilsonville 0.86 0.00049 0.0393 
Red Rock 0.84 0.00081 0.0320 
SSA – Specific Surface Area 






 In this study, 12 fly ash samples were characterized by the foam index (FI) test, specific surface 
area (SSA), loss on ignition (LOI), pore size distribution (PSD), and adsorption isotherms with AEAs and 
surrogate dyes.  Physical fly ash properties were correlated to adsorption metrics assessed using 
ultraviolet (UV) absorbance measured with a spectrophotometer.  The goal was to develop a procedure 
to estimate the AEA dose required to reach an air content of 6 % in concrete mixtures containing fly ash. 
The conclusions from this study were: 
1. LOI varied from 0.57–1.71 % for the Red Rock fly ash sample (n = 30); therefore, composite 
sampling is recommended in future testing 
2. Fly ash SSA was a stronger surrogate for estimating the Daravair AEA dose (R2 = 0.78) compared 
to the commonly used FI test (R2 = 0.66) 
3. Freundlich fitting parameters describing sorption of the AEAs by fly ash were different than that 
of the AB_679_259 dye, indicating that the dye was not a suitable AEA surrogate 
4. The AEA adsorption isotherm tests were not effective for estimating AEA doses for concrete 
containing fly ash (R2 = 0.06 and R2 = 0.12 for Daravair and TeraPAVE, respectively) 
5. Carbon content did not control AEA adsorption for fly ash samples with LOI’s less than 3%. 
6. The AEA dosing tests in concrete should be conducted in parallel with the AEA adsorption 
isotherm tests such that the AEA properties are similar, including the UV absorbance which was 
shown to decay over time 
7. Multilinear regression resulted in stronger correlations with the required Daravair AEA dose (R2 
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